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VOLTAGE REGULATION USING CURRENT FEEDBACK 

TECHNICAL FIELD 

The present invention generally pertains to the field of electronic 
circuits. More particularly, embodiments of the present invention are 
related to a circuit for regulating a voltage by using current feedback. 



BACKGROUND ART 

Many electronic circuits have a need for a regulated voltage. 
Conventionally, a regulated voltage is provided as illustrated in Figure 1. 
1 0 Figure 1 shows a simple circuit 100 for regulating a voltage (V out ) by using 
voltage feedback in a loop having a differential amplifier 110. The output of 
the differential amplifier 110 is coupled to the gate of an output transistor 
120. The voltage V out is taken from the drain of the output transistor 120. A 
reference voltage (V ref ) is input to the negative input of the differential 
1 5 amplifier 110. The voltage at node A is fed into the positive input of the 
differential amplifier 110. The voltage at node A is some fraction of the 
voltage V out , based on the relative sizes of the voltage divider resistors 125 
and 130. The circuit 100 keeps the voltage V out regulated by forcing the 
voltage at node A to be equal to the reference voltage V ref . By appropriate 
20 sizing of voltage divider resistors 125 and 130, a suitable voltage V out may be 
maintained. 
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However, if the voltage reference V ref has a non-zero temperature 
coefficient, then the voltage V out will be temperature dependent. Thus, a 
zero temperature coefficient reference voltage V ref must be supplied to the 
negative input of the differential amplifier 110. As the circuit 100 regulates 
the voltage at node A to be equal to the reference voltage V ref , and as the 
voltage V out is somewhat larger than this because of the voltage divider 
resistors 125 and 130, the voltage V out will exhibit an even larger voltage 
swing than V ref exhibits as temperature changes. 

A second drawback with the conventional circuit 100 of Figure 1 is 
the requirement of a differential amplifier 110 and the associated large 
device count needed to implement the differential amplifier. As chip real 
estate is a precious commodity, the large device count is undesirable.. 

Thus, a need exists for a voltage regulation circuit. A further need 
exists for a voltage regulation circuit that does not require a zero 
temperature coefficient reference voltage. A still further need exists for a 
voltage regulation circuit that does not require a differential amplifier to 
regulate the voltage. A still further need exists for a voltage regulation 
circuit that is compatible with and can be fabricated economically with 
existing semiconductor fabrication techniques. 
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SUMMARY 

The present invention provides a voltage regulation circuit using 
current feedback. Embodiments of the present invention provide a voltage 
regulation circuit that does not require a zero temperature coefficient 
5 reference voltage. Embodiments of the present invention provide a voltage 
regulation circuit that does not require a differential amplifier to regulate 
the voltage. Embodiments of the present invention provide a voltage 
regulation circuit that is compatible with and can be fabricated 
economically with existing semiconductor fabrication techniques. 

10 

A circuit having a voltage regulated by a reference current is 
disclosed. In one embodiment in accordance with the present invention, the 
circuit comprises a current feedback loop and a reference current source 
that is capable of producing a reference current. The current feedback loop 

1 5 includes an output device, a voltage to current converter, and a current 

feedback element. The voltage to current converter is coupled to the output 
device. The voltage to be regulated is at a node of the voltage to current 
converter. The current feedback element is coupled to the voltage to current 
converter to provide a feedback current from the voltage to current 

20 converter to compare with the reference current. The comparison produces 
an error signal that is input to a control terminal of the output device. 
Thus, the current feedback loop regulates the voltage at the node of the 
voltage to current converter. 
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Another embodiment in accordance with the invention is a method of 
regulating a voltage with current feedback. The method comprises 
producing a reference current, producing a feedback current based on a 
voltage, comparing the reference current with the feedback current to 
produce an error signal, and regulating the voltage by using the error 
signal to control an output device. 

These and other advantages of the present invention will no doubt 
become obvious to those of ordinary skill in the art after having read the 
following detailed description of the preferred embodiments which are 
illustrated in the various drawing figures. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

The accompanying drawings, which are incorporated in and form a 
part of this specification, illustrate embodiments of the invention and, 
together with the description, serve to explain the principles of the 
invention: 

Figure 1 is a schematic of a conventional circuit for regulating 
voltage. 

Figure 2 is a schematic of a circuit that regulates voltage using 
current feedback, according to an embodiment of the present invention. 

Figure 3 is a schematic of a circuit, which has a p-channel output 
transistor, that regulates voltage using current feedback, according to a 
second embodiment of the present invention. 

Figure 4 is a flowchart illustrating steps of a process of regulating 
voltage using current feedback, according to embodiment of the present 
invention. 
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BEST MODE FOR CARRYING OUT THE INVENTION 

Reference will now be made in detail to the preferred embodiments of 
the invention, examples of which are illustrated in the accompanying 
drawings. While the invention will be described in conjunction with the 
preferred embodiments, it will be understood that they are not intended to 
limit the invention to these embodiments. On the contrary, the invention is 
intended to cover alternatives, modifications and equivalents, which may be 
included within the spirit and scope of the invention as defined by the 
appended claims. Furthermore, in the following detailed description of the 
present invention, numerous specific details are set forth in order to 
provide a thorough understanding of the present invention. However, it will 
be obvious to one of ordinary skill in the art that the present invention may 
be practiced without these specific details. In other instances, well-known 
methods, procedures, components, and circuits have not been described in 
detail as not to unnecessarily obscure aspects of the present invention. 

Figure 2 is a schematic of a circuit 200 for regulating voltage using 
current feedback, according to an embodiment of the present invention. The 
circuit 200 uses a current feedback loop and a reference current to regulate 
a voltage. By using a current feedback loop, the circuit 200 does not require 
a differential amplifier to regulate the voltage. Moreover, the circuit 200 
does not require a reference voltage as an input to a differential amplifier. 
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Moreover, the circuit 200 does not require a non-zero temperature 
coefficient reference voltage. 

The circuit 200 of Figure 2 has an output transistor M3, which 
5 supplies an output current I out for a load impedance (R load ) and a current 
through the voltage to current converter 225. The current through the 
voltage to current converter 225 will be referred herein to as a feedback 
current I FB . The voltage to current converter 225 include a temperature 
compensation resistor Rl, diodes Dl and D2, and transistor Q2, in this ' 

10 embodiment. The circuit 200 has a current feedback loop, which comprises 
the output transistor M3, the voltage to current converter 225, and the 
mirror transistor Ql. A node of the voltage to current converter 225 is the 
regulated voltage. For example, V out is the regulated voltage in this 
embodiment. Those of ordinary skill in the art will appreciate that 

1 5 variations exist for the configuration of the voltage to current converter 225 
and what node of the voltage to current converter 225 is selected for the 
regulated voltage. 

A basic description of operation of the circuit 200 is that the feedback 
20 current I FB will be forced to be substantially equal to the reference current 
because of the feedback loop. The difference between the two currents, 
I FB and I REF) will be referred to as the error current I error (not depicted in 
Figures). The error current produces a control voltage due to the output 
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impedance of Ql, which affects a control terminal (e.g., gate) of the output 
transistor M3. The control voltage controls the current supplied by the 
output transistor M3 to the load impedance R, oad and to the voltage to 
current converter 225. The magnitude of the feedback current I FB through 
the voltage to current converter 225 determines the magnitude of the voltage 
V oat . By appropriate selection of a reference current I REF and voltage to 
current converter 225, a suitable voltage V out is produced and regulated. 
Moreover, the voltage V out is not dependent upon temperature to a 
significant degree provided the reference current is PTAT (Proportional to 
Absolute Temperature). Further, if the magnitude of the load impedance 
R, oad changes, the feedback loop causes the output transistor M3 to output a 
current to provide a suitable output current I out for the load impedance R^ 
given the magnitude of the voltage V out , while still supplying the feedback 
current 1^ to the voltage to current converter 225. 

The operation of circuit 200 will now be examined in more detail. The 
relationship between the voltage V out and the feedback current I FB is given 
by Equation 1, where Rl is the output resistor Rl. 

Equation 1: 1^ = ^'^) 

In Equation 1, the voltage V BE is the base to emitter voltage across the 
transistor Q2 or the forward bias voltage drop across one of the diodes Dl or 
D2. Those of ordinary skill in the art will appreciate that the diodes Dl and 
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D2 may be fabricated as a transistor with its collector electrically coupled to 
its base. Thus, the term V BE is used to refer to the forward bias voltage drop 
across the diodes Dl and D2. Essentially any number of components (diodes 
or transistors) may be used to create a suitable voltage V out , so long as there 
is at least one such component. 

The feedback current I FB is mirrored from transistor Q2 to mirror 
transistor Ql and subtracted from the reference current I REF . The two 
competing currents on gate of output transistor M3 forms an amplifier and 
regulates the feedback current I FB to be substantially the same as the 
reference current I REF> depending on the output impedance of mirror 
transistor Ql. The error current I error adjusts the gate voltage of output 
transistor M3 through the output impedance of Ql so that the feedback 
current I FB is provided according to Equation 2. 



( 



Equation 2: I FB = I REF 



1 + j 



In Equation 2, A„ is the current loop gain from I REF to I FB . If A s is 
sufficiently large, W to I FB are substantially equal. In this embodiment, 
the reference current I REF is Proportional to Absolute Temperature (PTAT). 
Thus, the reference current I REF behaves in accordance to Equation 3, 
wherein V t is the thermal voltage, N is the transistor size ratio of a 
transistor used in the PTAT current generator, and R2 is the resistor used 
in the PTAT current generator. 
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V T Ln(N) 

Equation 3: I REF = — 

The ability of the circuit 200 to produce a substantially zero 
temperature coefficient signal will now be discussed. First, it is noted that 
one or more of the components of the voltage to current converter 225 have a 
negative temperature coefficient. For example, the two diodes Dl and D2 
and the transistor Q2 may exhibit a forward bias voltage drop of 
approximately 800 mV at a first temperature and a forward bias voltage 
drop of approximately 400 mV at a second temperature that is high relative 
to the first temperature. The result of this would be a drop in the voltage 
V out , at the second, higher, temperature, relative to the voltage V out at the 
lower temperature were it not for the presence of the temperature 
compensation resistor Rl. However, the voltage drop across temperature 
compensation resistor Rl is designed to compensate for the negative 
temperature coefficient of the diodes Dl and D2 and transistor Q2. For 
example, the feedback current I FB effectively causes the voltage across the 
temperature compensation resistor R2 to have a positive temperature 
coefficient. The feedback current I ra is PTAT because it is substantially 
equal to the PTAT reference current I REF . The temperature compensation 
resistor R2 can be fabricated or trimmed such that the voltage to current 
converter 225 as a group have a temperature coefficient that is substantially 
zero. 
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15 



Equations 4 and 5 describe the DC steady state voltage V 0UT , wherein 
the terms are previously denned herein. 



If the load impedance R, oad drops, then the voltage V out may be 
maintained by the current regulation loop as follows. A drop in load 
impedance R load pulls the voltage V out down, which also reduces the 
magnitude of the feedback current I FB . However, if the feedback current I FB 
is pulled down, then the comparison of the feedback current I FB with the 
reference current I REF produces a greater error current I error . A greater 
error current I error produces a larger voltage on the gate of the output 
transistor M3 to output a greater current, which forces up the voltage V out , 
as well as forcing up the feedback current I FB . The DC steady state is 
provided above in Equation 4. Thus, the circuit 200 causes the output 
transistor M3 to output a sufficient current to both produce an appropriate 
feedback current I FB to maintain the voltage V out and a suitable output 
current for the load impedance R, oad given the voltage V out . 

Figure 3 illustrates a circuit 300 for regulating voltage using a 
feedback current and using a p-channel output transistor, in accordance 
with an embodiment of the present invention. In this embodiment, a 



Equation 4: Vout ~ ^be + ^i 



V T Ln(N) 



J 
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current mirror formed by MOS transistors Ml and M2 is used to provide 
the feedback current I FB to node B, which is the input of the output 
transistor M3. The operation of circuit 300 is similar to circuit 200 and will 
not be discussed in detail. In this embodiment, the two competing currents 
I D ™ and I™ and the output impedance of transistor M2 on gate of output 

REr r d 

transistor M3 forms an amplifier and regulates the feedback current I FB to 
be substantially the same as the reference current W, depending on the 
output impedance of transistor M2. Any number of components (e.g., 
diodes and transistors) may be used in the voltage to current converter 225, 
so long as there is at least one such component. 

Those of ordinary skill in the art will recognize that other circuit 
components may be used within the scope and spirit of the present 
invention. For example, bipolar transistors may be used instead of any of 
the MOS transistors in circuit 200 or 300. 

An embodiment of the present invention is a method of regulating 
voltage using current feedback. Figure 4 illustrates steps of such a process. 
It will be understood that process 400 of Figure 4 may be implemented with 
a circuit such as circuits 200 and 300; however, the present embodiment is 
not limited to these circuits. It will also be understood that the steps of 
process 400 are described in a particular order as a matter of convenience 
and that various steps may occur essentially concurrently. For example, 
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the process 400 involves a feedback loop, and as such, the various steps 
interact with one another. Process 400 of Figure 4 includes, at step 410, 
producing a reference current. The reference current may be produced by a 
PTAT current source. 

Step 420 comprises producing a feedback current based on a voltage 
to be regulated. This voltage may be referred to as an output voltage. As the 
magnitude of the feedback current is derived from the regulated voltage, its 
magnitude may conversely be used to control the magnitude of the 
regulated voltage. The generation of the feedback current may be 
accomplished by providing components such as the voltage to current 
converter 225 of Figures 2 and 3 such that a current is produced in them 
under normal operating conditions. 

Step 430 comprises comparing the reference current with the 
feedback current to produce an error signal. This step may include 
running an error current, which is produced from the comparison of the 
reference current with the feedback current, through an impedance to 
create an error voltage. For example, the impedance may be a transistor's 
output impedance. The feedback current may be provided to a convenient 
node to compare with the reference current by the use of one or more 
current mirror devices. Moreover, a single electronic component may be 
used both in the providing the feedback current back to the reference 

13 
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current and for regulating the regulated voltage. For example, transistor 
Q2 in circuit 200 and 300 is used as part of a current mirror and as a part of 
the voltage to current converter. 

5 Step 440 comprises regulating the regulated voltage by using the 

error signal to control an output device. The output, device may be a 
transistor. The output device has a current that has one component that is 
the feedback current and another component that is an output current for a 
load impedance. The load impedance may be variable. As such, the output 
1 0 current will change for a given regulated voltage. Thus, the output device 
puts out a total current that varies and is appropriate to supply the feedback 
current and any output current, depending on the load impedance. 

Embodiments of the present invention may use p-channel devices or 
1 5 n-channel devices. Moreover, the present invention is not limited to metal 
oxide field effect devices, for example, bipolar junction devices may also be 
used. Embodiments of the present invention are compatible with voltage 
regulators and battery charging systems; however, the present invention is 
not limited to use in voltage regulators and/or battery charging 
20 applications. Embodiments of the present invention are well suited for use 
as a low-dropout (LDO) voltage regulator. 
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Therefore, it will be seen that embodiments of the present invention 
provide voltage regulation by using current feedback. Embodiments of the 
present invention provide a voltage regulation circuit that does not require 
a zero temperature coefficient reference voltage. Embodiments of the 
present invention provide a voltage regulation circuit that does not require 
a differential amplifier to regulate the voltage. Embodiments of the present 
invention provide a voltage regulation circuit that is compatible with and 
can be fabricated economically with existing semiconductor fabrication 
techniques. 



The foregoing descriptions of specific embodiments of the present 
invention have been presented for purposes of illustration and description. 
They are not intended to be exhaustive or to limit the invention to the 
precise forms disclosed, and obviously many modifications and variations 

1 5 are possible in light of the above teaching. The embodiments were chosen 
and described in order to best explain the principles of the invention and its 
practical application, to thereby enable others skilled in the art to best 
utilize the invention and various embodiments with various modifications 
as are suited to the particular use contemplated. It is intended that the 

20 scope of the invention be defined by the Claims appended hereto and their 
equivalents. 
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